Algicidal bacteria can lyse phytoplankton cells, thereby contributing to algal bloom dynamics in the oceans. The target specificity of these bacteria determines their ecological impact. While species specificity of algicidal bacteria is documented, little is known about intraspecies variability of their activity against phytoplankton. We describe variability in the Chaetoceros genus (Bacillariophyceae) to resist the lytic activity of the algicidal Flavobacterium Kordia algicida. This variability is evident between different Chaetoceros species, but even intraspecific variability of resistance is observed within one phytoplankton sample. This proves an ecological role of the individuality of diatom cells within a bloom.
Introduction
Phytoplankton is the basis of marine food webs and accounts for approximately 50% of the global primary production (Behrenfeld et al. 2006) . Phytoplankton performance depends on numerous abiotic and biotic factors. Among the biotic factors phytoplankton pathogens play an important role in population control including bacteria, viruses and fungi (Brussaard and Martínez-Martínez 2008 , Gachon et al. 2010 , Meyer et al. 2017 . Interactions with marine bacteria can include anything ranging from symbiotic to algicidal processes (Amin et al. 2012 ). If bacteria are algicidal they have the ability to impair phytoplankton proliferation and lyse algal cells in order to exploit the rich nutrient source (Meyer et al. 2017 ). Due to this potential they are discussed as causes for phytoplankton bloom collapse. For all pathogens including algicidal bacteria, a crucial factor for the ecological role in the environment is their host specificity that is often determined by phytoplankton resistance (Paul and Pohnert 2011) . As a consequence of this specificity the lysis of a dominant susceptible phytoplankton species might open niches for resistant competitors, subsequently leading to a shift in phytoplankton composition. Such a shift has recently been shown in mesocosms after infection of a natural community with the algicidal bacterium Kordia algicida (Sohn) (Bigalke et al. 2019) . The topic of specificity is also intensely studied in the fields of biotechnology and environmental engineering, especially in the control of harmful algal blooms (Gumbo et al. 2008 , Seong and Jeong 2013 , Shao et al. 2013 . In these fields specificity is especially desirable since it allows the development of biocompatible tools that affect only the targeted species. In contrast to pathogenic bacteria, more is known about viruses that are highly abundant in marine systems as well Martínez-Martínez 2008, Rohwer and Thurber 2009) . One of the best-studied model systems is the coccolithophore Emiliania huxleyi (Lohmann) and its viruses (EhV) (Bidle and Vardi 2011, Rosenwasser et al. 2016) . Infection of E. huxleyi with EhV even terminates blooms with large-scale ecological impact on plankton dynamics (Brussaard et al. 1996 , Schroeder et al. 2002 . However, both E. huxleyi and its viruses are heterogeneous populations in nature leading to survival of part of the E. huxleyi cells (Jacquet et al. 2002 , Schroeder et al. 2002 , 2003 . This difference in susceptibility has been linked to the metabolic activity of individuals (Rosenwasser et al. 2016) as well as to dimethylsulfoniopropionate (DMSP)lyase activity (Schroeder et al. 2002) . Also shifting from susceptible diploid to resistant haploid life form has been identified as an escape strategy in E. huxleyi (Frada et al. 2008) . Other phytoplankton such as Phaeocystis pouchetii (Hariot) may escape viruses by colony formation (Jacobsen et al. 2007 ). Compared to viruses little is known about marine fungi that infect planktonic microalgae. In freshwater ecosystems chytrids have been intensely studied for their ability to modulate diatoms communities ( Ibelings et al. 2004) . Primarily, fungal effects on macroalgae are studied in marine environments (Gachon et al. 2010 , Gleason et al. 2011 , Richards et al. 2012 . Reports on microalgae as fungal host are increasing (Sparrow 1969 , Hanic et al. 2009 , Garvette et al. 2018 , Gladfelter et al. 2019 and also other parasitoids are studied (Tillmann et al. 1999 , Peacock et al. 2014 ). However, reports on host range and resistance are scarce (Siano et al. 2011) .
Most studies on the specificity of algicidal bacteria test only a very limited number of phytoplankton species and strains. Nevertheless, many generalize their findings to the species, genus or higher phylogenetic groups, potentially underestimating intra-species variability. Such variability has been shown on a genetic level but evidence for a functional diversity within a bloom is rather scarce (Medlin et al. 2000) . We hypothesize here that resistance of algae and therewith specificity of bacteria can be species-and even strain dependent. In other fields of phycology many examples for intra-species variability have been found. This includes variability on the genetic level (Medlin et al. 1996 , Bolch et al. 1999 , Rynearson and Armbrust 2000 , the concentration of secondary metabolites (Loret et al. 2002 , Heil et al. 2005 , Wichard et al. 2005 , Taylor et al. 2009 , Thessen et al. 2009 , Rodriguez et al. 2017 as well as physiological and behavioral responses (Rynearson and Armbrust 2000 , Laurion and Roy 2009 , Fredrickson et al. 2011 , Kremp et al. 2012 , Harvey et al. 2015 , Menden-Deuer and Montalbano 2015 . However, only very few studies cover several strains of the same algal species when testing algicidal activity of bacteria (Mitsutani et al. 1992 , Roth et al. 2008b , van Tol et al. 2016 making it difficult to systematically predict intra-specific variation in susceptibility. Furthermore, the studied strains are usually isolated from different locations at varying times. This difference in life history reduces comparability between the strains, especially when taking into account that the natural algal microbiome might influence resistance (Mayali and Doucette 2002, Roth et al. 2008a ). This microbiome associated with the algae can vary depending on the time and place of isolation as has recently been shown in a comprehensive study (Ajani et al. 2018 ).
This study aims to systematically investigate the variability of susceptibility to the algicidal bacterium Kordia algicida within the genus Chaetoceros. The Flavobacterium K. algicida was isolated from a Skeletonema costatum ( Greville) bloom at Masan Bay, Korea (Sohn et al. 2004 ). The Chaetoceros genus was chosen, since variability in susceptibility to K. algicida has already been observed with one resistant and one susceptible species identified Pohnert 2011, Bigalke et al. 2019 ). The strains under study were isolated from one habitat and therefore share common life histories.
Materials and methods

Isolation of Chaetoceros spp.
Two water samples were taken from Scheldt Estuary (Netherlands) on 12th September 2015. Sample 1 was surface water from the quayside of the Havenkanaal (51.538791 N 3.927477 E). Sample 2 was surface water from the dyke (51.540310 N 3.929907 E). Samples were concentrated via a 10-μm phytoplankton net and single cells or cell chains were subsequently isolated under a light microscope. Isolated cells grew into seven monoclonal cultures of Chaetoceros spp. (Table 1) .
Chaetoceros socialis (Schutt) (accession number MH992142.1) was previously isolated from surface water at Helgoland Roads (Bigalke et al. 2019) . Chaetoceros didymus (Cleve) (accession number MG914538.1) was isolated by W. Kooistra from the Mediterranean Sea (Stazione Zoologica Anton Dohrn, Naples, Italy). Both, C. socialis and C. didymus, are maintained in our culture collection.
Diatom culturing and antibiotic treatment
Diatoms were cultivated in artificial seawater medium (Maier and Calenberg 1994) at 50 μmol photons m −2 s −1 in a 14 h/10 h light and dark cycle. For antibiotic treatment 300 μg ml −1 penicillin G sodium salt, 2 μg ml −1 chloramphenicol, 2.4 μg ml −1 neomycin and 12 I · U. ml −1 polymyxin B sulfate for 24 h. Then 260 μg ml −1 cefotaxime sodium salt and 520 μg ml −1 carbenicillin disodium salt were added to the cultures and after 24-48 h cells were transferred to fresh culture medium.
Genetic identification of Chaetoceros spp.
Cells of Chaetoceros spp. were concentrated by centrifugation (850 g, 4°C for 20 min), cell pellets were frozen (−80°C) and freeze-dried. Dried cell pellets were lysed with zirconium beads (0.9 mm) for 1 min at 30 Hz in a TissueLyser II (Qiagen, Venlo, Netherlands) precooled to −80°C. Genomic DNA was isolated using the Isolate II Plant DNA Kit (Bioline GmbH, Berlin-Brandenburg, Germany) with lysis buffer PA1 without RNase. D1-D3 LSU rDNA was amplified based on an established protocol (Lundholm et al. 2002) . The following primers were used: D1R-F [ACC CGC TGA ATT TAA GCA TA; (Nunn et al. 1996) ], D3B-R [TCG GAG GGA ACC AGC TAC TA; (Lundholm et al. 2002) ] and D3Ca [ACG AAC GAT TTG CAC GTC AG; (Scholin et al. 1994) ] obtained from biomers.net GmbH (Ulm, Germany). The PCR mix contained OneTaq standard reaction buffer, 200 μm dNTPs, forward and reverse primer (see Table 2 ), tetramethylammonium chloride or tetramethylammonium oxalate as additive (see Table 2 ) and 1.25 U OneTaq ® DNA Polymerase (New England Biolabs, Frankfurt, Germany). The temperature program was: initial denaturation at 94°C for 2 min; 30 cycles of denaturation (94°C, 30 s), annealing (for temperature see Table 2 , 30 s) and elongation (68°C, 60 s); final elongation at 68°C for 5 min. The PCR product was purified from an HDGreen-stained (Intas Science Imaging Instruments GmbH, Göttingen, Germany) 1% agarose gel using the GenElute™ Gel Extraction kit (Sigma-Aldrich, Munich, Germany) according to the manufacturer's instructions. Sanger sequencing was performed by GATC Biotech AG (Konstanz, Germany) using the same primers as for PCR. Sequences were aligned with selected sequences retrieved from GenBank using Clustal W (Thompson et al. 1994) . The alignment was manually cropped in BioEdit (Hall 1999) to 731 nucleotides and used for maximum likelihood analysis in MEGA vers. 7.0.21 (Kumar et al. 2016 ). Tamura-Nei with discrete Gamma distribution (five categories; +G parameter = 0.3501) was determined as the best model (Tamura and Nei 1993) . Nearest-Neighbor-Interchange was used as the heuristic method for tree inference. A log likelihood value of −2850.0182 was achieved by the most suitable tree after 1000 bootstraps.
Algicidal bioassay
Susceptibility of Chaetoceros spp. to the lytic activity of Kordia algicida OT-1 was tested via algal-bacterial coincubation. Therefore, K. algicida was cultured on marine broth agar plates for up to 2 days before being carefully The forward and reverse primer with the used concentration are given as well as the additive and annealing temperature.
removed with a cotton swab and resuspended in artificial seawater medium. Triplicates of exponentially growing algal cultures (40 ml) were infected with this K. algicida suspension to a bacterial optical density of OD 550 0.01. An equal volume of medium without bacteria was added to control cultures in triplicates. Algal growth was monitored by in vivo chlorophyll a fluorescence for 9-10 days using a Mithras LB 940 plate reader (Berthold Technologies, Bad Wildbad, Germany). The diatom Skeletonema costatum was used as a positive control to test for algicidal activity of the bacteria used.
Results
Monoclonal cultures were isolated from two water samples taken from the Scheldt Estuary (Netherlands).
Cultures tentatively identified as Chaetoceros spp. by light microscopy were further purified by serial transfer and antibiotic treatments. Analysis of 28S rDNA confirmed the morphological identification and provided the basis to include the strains in the Chaetoceros phylogeny (Li et al. 2015) . The newly isolated strains cluster with Chaetoceros elegans, Chaetoceros curvisetus, Chaetoceros pseudocurvisetus and Chaetoceros protuberans (Figure 1 ). All seven newly isolated strains were subjected to bioassays to test for resistance against the algicidal bacterium Kordia algicida (Figure 1) . Additionally, a strain of Chaetoceros didymus and of Chaetoceros socialis was included in the bioassays, as strains known to be resistant or susceptible from previous studies. The strains of C. elegans and C. socialis were susceptible to lysis by K. algicida (Figure 2F, J) while the strains of C. didymus and C. curvisetus were resistant (Figure 2B, I) . For C. pseudo-curvisetus and C. protuberans multiple strains were isolated. One of three C. pseudo-curvisetus and one of two C. protuberans strains were resistant ( Figure 2C , H). Resistant isolates showed similar growth in control and bacteria-treated cultures, while susceptible isolates died completely if treated with bacteria before control cultures reached maximum density (Figure 2 ). Demise Strains resistant to Kordia algicida are marked in blue, strains susceptible in yellow. Newly isolated strains are marked with encircled numbers representing the sample from which the strain was isolated (1, quayside of the Havenkanaal; 2, at the dyke, concentrated via 10-μm phytoplankton net). Chaetoceros didymus and C. socialis were used as known resistant and susceptible strains, respectively. Reference sequences for phylogenetic inference from GenBank of strains not tested in bioassays are marked in black. Maximum likelihood analysis of LSU rDNA with 1000 bootstraps using Tamura-Nei model with 5 discrete gamma categories and nearest-neighbor-interchange. Branch length depicts the number of substitutions per site. of susceptible cultures differed in speed. Some isolates did not grow at all in the presence of the bacteria (e.g. C. pseudo-curvisetus MK421354, Figure 2D ) while others showed initial growth for a few days before cultures collapsed (e.g. C. pseudo-curvisetus MK421355, Figure 2E ).
Discussion
The results presented here show that susceptibility of a diatom to an algicidal bacterium can vary between species of the same genus and even between isolates of a single species obtained at one time within one habitat. The reason for the heterogeneity in susceptibility of Chaetoceros spp. to K. algicida is unknown. Since proteases and oxylipins are potentially involved in the resistance of Chaetoceros didymus Pohnert 2013, Meyer et al. 2018 ) strain-specific differences on the level of enzymes or secondary metabolites may play a role for the plasticity of susceptibility and should be investigated further. This hypothesis is in agreement with studies from other algae that report intra-species variability in the level of secondary metabolites (Loret et al. 2002 , Heil et al. 2005 , Wichard et al. 2005 , Taylor et al. 2009 , Thessen et al. 2009 , Rodriguez et al. 2017 .
Broadening the view to other phytoplankton pathogens, the results obtained here for interaction with bacteria are in agreement with observations on algal viruses. In mesocosm experiments, individual cells of Emiliania huxleyi survived bloom termination by viruses (Jacquet et al. 2002) . For E. huxleyi variance in resistance and susceptibility could be correlated to DMSP-lyse activity (Schroeder et al. 2002) . Strains with high enzyme activity, which enables breakdown of DMSP to dimethyl sulfide (DMS) and acrylate, were resistant to viral infection. Other anti-viral strategies that have been reported, like E. huxleyi changing from a susceptible diploid to a resistant haploid life form (Frada et al. 2008) or colony formation in Phaeocystis pouchetii (Jacobsen et al. 2007 ) are not possible due to the life cycle of Chaetoceros (French and Hargraves 1985) . However, diatoms have the ability to form resting stages (McQuoid and Hobson 1996) that could potentially confer resistance.
Despite all these indications, susceptibility to algicidal bacteria is generally considered a common trait of a species or higher phylogenetic group but our work calls for revision of this view. Variability of resistance against bacteria has already been observed for other diatoms as well, thus, for example, in two strains of Pseudo-nitzschia multiseries from different sources, the growth inhibition by Croceibacter atlanticus differed greatly (van Tol et al. 2016) . For Phaeodactylum tricornutum two morphotypes with different antibacterial activity have been identified (Desbois et al. 2010) . Also among dinoflagellates from the Karenia and Alexandrium genus, strain-specific resistance to algicidal bacteria has been described, but resistance was attributed to the associated microbial community (Mayali and Doucette 2002, Roth et al. 2008b ). Our study now demonstrates specificity even within one population in the field and sheds light on the individuality of cells even within a mono species plankton population.
Antibiotic treatment during algal isolation partly removed the natural microbiome. However, cultures used for our experiments were likely xenic due to survival of closely associated bacteria. Bacteria within the phycosphere may be additional interaction partners and may modulate algicidal activity (Mayali and Doucette 2002 , Roth et al. 2008a , Seymour et al. 2017 . The associated microbiome can differ depending on the time and place of algal isolation (Ajani et al. 2018) . To minimize this effect, algal isolates from the same natural population were studied here.
In conclusion, the heterogeneity in plankton communities documented here shown as an example for the Chaetoceros genus should be taken into account when discussing the ecological role of algicidal bacteria. Especially when their use in ecosystem engineering is considered, the complexity and heterogeneity of the plankton should not be oversimplified. Survival of a few resistant cells within a bloom could even select for resistance traits.
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